IDIOPATHIC PULMONARY FIBROSIS (IPF) is a chronic pulmonary disease associated with progressive scarring of the lungs, loss of lung function, and eventual death (1) . Despite an increase in knowledge of the profibrotic pathways leading to pathological fibrosis, no therapies, other than lung transplant, have proven efficacious, and morbidity and mortality remain high.
Periostin is a matricellular protein that binds to matrix proteins and cellular receptors to affect cell function (15) . Periostin is integral to wound healing and cardiac fibrosis after myocardial infarction by stabilizing collagen cross-linking (17, 25) . Periostin also impacts tumorigenesis by promoting cell proliferation and migration, decreasing apoptosis, and increasing epithelial-mesenchymal transition (33, 38) . In the lung, periostin plays a role in subepithelial fibrosis associated with bronchial asthma (31, 34) . Okamoto et al. (26) identified periostin in the lungs of Japanese patients with IPF and showed serum periostin levels to be increased compared with controls. More recently, Uchida et al. (35) demonstrated that bleomycin injury induced expression of periostin and that periostin-deficient (periostin Ϫ/Ϫ ) mice were protected from bleomycininduced lung fibrosis (35) . Mechanistic studies by this group suggest that periostin is necessary for appropriate chemokine expression and recruitment of macrophages and neutrophils in response to bleomycin challenge (35) .
In the present study, we examined periostin expression in a cohort of North American patients with IPF and studied the role of periostin in the postinflammatory fibrotic phase of bleomycin-induced lung fibrosis.
METHODS

Prospective human cohort. Correlating Outcomes With Biochemical Markers to Estimate Time Progression in Idiopathic Pulmonary
Fibrosis (COMET) is a multicenter, observational cohort study of well-defined IPF patients followed prospectively at 16-wk intervals up to 80 wk (clinicaltrials.gov, clinical trial ID no. NCT01071707). All subjects underwent baseline assessment, including demographics, patient-reported descriptors, spirometry, diffusing capacity of the lung for CO (DL CO), 6 -min walk testing, and high-resolution computed tomography. All subjects underwent fiber-optic bronchoscopy with bronchoalveolar lavage, transbronchial biopsy, and blood sampling at baseline. The primary outcome was progression-free survival as determined by the time until any of the following: death, acute exacerbation of IPF, lung transplant, or relative change in forced vital capacity (FVC, liters) of Ն10% or DL CO (ml·min Ϫ1 ·mmHg Ϫ1 ) of 15% (13) . All human studies were approved by the University of Michigan Institutional Review Board. Table 1 provides demographic information about IPF patients. Table 2 provides demographic information about control subjects utilized for in vitro studies.
Immunohistochemistry on human lung sections utilized rabbit anti-periostin (Abcam, Cambridge, MA), biotinylated anti-rabbit IgGavidin horseradish peroxidase, and diaminobenzidine detection system (Vector Labs, Burlingame, CA). Blocks for immunohistochemical analysis were given to us in an anonoymous fashion with no demographic information other than diagnosis.
Human lung fibroblasts from control or IPF lungs were provided in an anonymous fashion with no demographic information other than diagnosis and were cultured as described elsewhere (37) . Normal fibroblasts were obtained from clean margins of lung cancer resections.
Mice. B6;129-Postn tm1Jmol /J mice (Jackson Laboratories, Bar Harbor, ME) were bred to C57Bl/6 mice to generate heterozygotes. These heterozygotes were mated, and the periostin Ϫ/Ϫ and littermate periostin ϩ/ϩ controls were used at 6 -8 wk of age. Genotyping was performed by Transnetyx (Cordova, TN). In some in vitro experiments, fibroblasts were purified from C57Bl/6 mice purchased from Jackson Laboratories. For generation of chimeric animals, recipient mice were irradiated at 13 Gy (split dose) and infused with 5 ϫ 10 6 donor bone marrow cells. Mice were maintained on acidified water for 3 wk and used for experiments at 5 wk posttransplant, when donor cell reconstitution in the lung is maximal (16) . Animal work was approved by the University Committee on the Use and Care of Animals.
Flow cytometry. Flow cytometry was performed on peripheral blood mononuclear cells (PBMCs) isolated by Ficoll-Hypaque density centrifugation (GE Healthcare, Pittsburgh, PA). Purified cells were first blocked for 30 min at 4°C in mouse IgG (Jackson Immunoresearch, West Grove, PA) diluted 1:50 in fluorescein-activated cell sorting (FACS) buffer and then stained with FITC mouse anti-human CD45 for 30 min in darkness (BD Pharmingen, San Diego, CA). After incubation, 100 l of Cytofix/Cytoperm (BD Biosciences) solution was added, and cells were incubated at 4°C for 20 min. After wash steps and centrifugation, cells were stained with anti-human periostin rabbit polyclonal Ab (1 g/ml; Biovendor, Chandler, NC) or irrelevant rabbit IgG control Abs (Southern Biotech, Birmingham, AL) diluted 1:850 in Perm/Wash buffer (BD Biosciences) for 30 min. Periostin expression was detected with goat anti-rabbit IgG phycoerythrin (Southern Biotech) diluted 1:400 in Perm/Wash buffer. Cells were examined by forward vs. side scatter for live cells followed by gating on CD45 and forward scatter differentiating the monocyte population by size. A BD Biosciences LSR II flow cytometer was used, and the analysis was performed using WinList (Verity Software House, Topsham, ME).
Fibrocyte culturing. PBMCs purified as described above were cultured for 14 days in complete medium containing 20% fetal calf serum. At this time, the adherent cell population was Ͼ95% CD45-and collagen I-positive. Total RNA was collected from adherent cells and analyzed by quantitative RT-PCR (qRT-PCR) for periostin expression.
qRT-PCR. For human samples, total RNA was extracted using the RNeasy Plus Mini kit (Qiagen, Valencia, CA) and transcribed to first-strand cDNA using TaqMan reverse transcription reagents (Applied Biosystems, Foster City, CA). First-strand cDNA was used to quantify the expression of periostin and GAPDH using SYBR green technology. The following primers were used: human periostin (POSTN) forward (5=-GCGCTTTAGCACCTTCCT-3=) and reverse (5=-GCACAAATAATGTCCAGTCTCC-3=) primers and human GAPDH forward (5=-CGACCACTTTGTCAAGCTCA-3=) and reverse (5=AGGGGTCTACATGGCAACTG-3=) primers. For murine studies, total RNA was prepared using TRIzol (Invitrogen, Carlsbad, CA). One-step RT-PCRs were then carried out using the following primers and probes labeled with 6-carboxyfluorescein (FAM)/tetramethylrhodamine (TAMRA): collagen type I forward (5=-TGACTG-GAAGAGCGGAGAGTACT-3=) and reverse (5=-GCTGTGGGCA-TATTGCACAA-3=) primers and probe (5=-TGCCCCAACCCAG-AGATCCCATTT-3=), periostin forward (5=-GGGGTTGTCACTGT-GAACTG-3=) and reverse (5=-CGGCTGCTCTAAATGATGAA-3=) primers and probe (5=-CGTGTCCTGACACAAATTGG-3=), and ␤-actin forward (5=-CCGTGAAAAGATGACCCAGATC-3=) and reverse (5=-CACAGCCTGGATGGCTACGT-3=) primers and probe (5=-TTTGAGACCTTCAACACCCCCAGCCA-3=). All primers were obtained from IDT (Coralville, IA) or Sigma (St. Louis, MO). Reac- (27) . For studies of fibrosis following OC-20 administration as described above, mice were injected with 0.025 U of bleomycin and analyzed on day 21 .
Mouse histology. Lungs were perfused with saline and inflated with 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO). Sections were stained with hematoxylin-eosin and Masson's trichrome. Additionally, tissue sections were probed with Cy3-labeled mouse anti-␣-smooth muscle actin (␣-SMA; clone 1A4, Sigma-Aldrich) and Alexa Fluor 488-labeled rabbit anti-periostin (Abcam). Nuclei were stained with Hoescht 33258. Slides were coverslipped in Prolong Antifade medium (Invitrogen). Abs for immunohistochemistry were rabbit anti-periostin (Abcam) and unlabeled mouse anti-␣-SMA (clone 1A4, Sigma-Aldrich).
Hydroxyproline assays. Total lung collagen was quantified by the hydroxyproline assay (24) .
Mesenchymal cells. Mesenchymal cells isolated as described previously (19) were cultured in serum-free medium for 24 h with or without a dose response of periostin before isolation of RNA or collection of supernatants.
Periostin ELISA. Cell supernatants and human plasma were analyzed for periostin by ELISA (Adipo Bioscience, Santa Clara, CA).
PAI-1 concentrations.
Plasminogen activator inhibitor (PAI)-1 concentrations in cell supernatants were measured using a carboxylated microsphere-based ELISA (Luminex) (8) .
Proliferation assay. For proliferation assay, 5 ϫ 10 3 cells were cultured in serum-free medium ϩ a dose response of periostin for 48 h, with the addition of 10 l of [ 3 H]thymidine for the last 16 h. PAI-1 luciferase assays. For PAI-1 luciferase assay, PAIL cells (a gift from Dr. D. Rifkin, Department of Cell Biology, New York University) were used as previously described (19) . Cells were cultured at 1 ϫ 10 6 cells/well in a six-well plate in serum-free medium ϩ G418 for 24 h with or without 2 ng/ml TGF-␤, 100 ng/ml periostin, or 1 g/ml periostin. Luciferase activity in cell lysates was then measured using a single-tube luminometer.
Wound confluence assay. For wound confluence assay, fibroblasts were plated at 1 ϫ 10 5 in a 96-well Essen ImageLock plate, allowed to grow overnight, and then loaded into the 96-pin WoundMaker device (Essen BioScience, Ann Arbor, MI). The medium was aspirated from each well, and wells were washed twice with PBS to prevent settling and reattachment of dislodged cells. Next, serum-free medium with or without a dose response of periostin supplemented with or without OC-20 Ab was added, and the plate was placed inside an incubator imaging system (IncuCyte, Essen BioScience). Wound images were automatically acquired at 3-h intervals for a total of 96 h and registered by IncuCyte from within the incubator. The data were analyzed for wound confluence calculated using a customized algorithm provided by the IncuCyte program. This program measures the density of the scratch wound at baseline and over time and subtracts the baseline background.
Reagents. Complete medium consists of DMEM (Lonza, Walkersville, MD) with 10% fetal bovine serum (Fisher, Pittsburgh, PA), 1% penicillin-streptomycin (GIBCO/Invitrogen, Carlsbad, CA), 1% L- Fig. 1 . Increased periostin production in patients with idiopathic pulmonary fibrosis (IPF). A: immunohistochemistry for periostin was performed on lung biopsies that had previously been pathologically classified as usual interstitial pneumonia (the pathological diagnosis for IPF). Periostin is present in large amounts and localizes to fibroblastic foci as well as subendothelial and subepithelial regions (representative of 3 normal and IPF specimens examined). Immunohistochemistry for periostin performed on normal lungs shows only a small amount of periostin. B: fibroblasts derived from lung biopsies performed on IPF patients and control patients were plated in equal numbers. RNA was collected and converted to cDNA (n Ն 4/group). Real-time PCR was performed using periostin and GAPDH primers. **P Ͻ 0.01. glutamine (Fisher), and 0.1% amphotericin B (Lonza). Serum-free medium consists of DMEM (for IncuCyte wound assay) with 1% bovine serum albumin (Sigma), 1% penicillin-streptomycin, 1% Lglutamine, and 0.1% amphotericin. The activin receptor-like kinase (ALK5) inhibitor was A83-01 (Tocris Bioscience, R & D, Minneapolis, MN).
Statistical analyses. Statistical significance of differences in group means for murine studies and human fibroblast studies was measured by ANOVA (Ն3 groups) or two-sample t-tests. The log-rank test was used for two-sample comparisons of survival. Cox proportional hazards regression models were used in univariate and multivariate models estimating the association between baseline periostin and time to clinical progression; SAS version 9.2 software (SAS, Cary, NC) was used for computations. P Ͻ 0.05 was considered significant.
RESULTS
Periostin expression is increased in IPF patients and localizes to areas of active fibrosis.
Lung tissue from IPF patients and normal controls was stained for periostin. While periostin was present in control lungs, far more periostin was found in lungs from IPF patients (Fig. 1A) . Periostin localized to areas of active fibrosis, the fibroblastic foci, and subepithelial and subendothelial regions within IPF lung. Fibroblasts from IPF lungs produced ϳ3.5 times the amount of periostin mRNA made by normal fibroblasts (Fig. 1B) . Flow cytometry analysis verified intracellular staining with anti-periostin Abs (not shown).
Plasma periostin levels are increased in IPF patients with clinical progression at 48 wk. Periostin levels were measured in plasma of IPF patients at baseline and correlated with clinical progression at 48 wk. Tables 3 and 4 show the unadjusted and adjusted Cox regression models assessing the hazard of disease progression associated with periostin level in plasma of patients with IPF at baseline (both P Ͻ 0.05). In particular, the adjusted Cox model demonstrates that, for each standard deviation increase of baseline periostin (corresponding to an increase in periostin of 116.97 g/ml), the hazard ratio for disease progression was 1.47 (95% confidence interval ϭ 1.03-2.10, P ϭ 0.033) when adjusted for age, sex, smoking history, baseline FVC, and DL CO %predicted. The distribution of periostin expression within the IPF patients is shown in Fig. 2 .
Patients with IPF have increased percentages of periostinproducing fibrocytes and monocytes. Fibroblasts from IPF patients produce more periostin than control cells (Fig. 1) . Since fibroblasts are resident lung cells, we hypothesized that other cell types secrete periostin in the circulation of IPF patients. We performed flow cytometry on PBMCs from IPF patients and normal controls. Monocytes (gated by CD45 expression and forward-scatter profile) were analyzed for periostin production. We found a higher percentage of monocytes that secrete periostin in IPF patients than in normal controls (Fig. 3A) . This difference was not seen in lymphocyteor granulocyte-sized cells (not shown). Additionally, periostin mRNA was expressed by fibrocytes cultured from the peripheral blood of IPF patients, but not controls (Fig. 3B) . In this smaller subgroup, we did not see differences in periostinproducing monocyte or fibrocyte populations in progressive vs. stable IPF patients at 48 wk. However, as noted in our animal studies (see below), periostin production by hematopoietic cells can influence fibrotic progression.
Bleomycin induces periostin production. Balb/c mice accumulate periostin in the lung following intratracheal administration of the fibrotic agent bleomycin (35) . We determined the kinetics of periostin expression after bleomycin administration in the more susceptible C57Bl/6 strain (23). We harvested lungs at different times after bleomycin or saline administration and performed quantitative RT-PCR. We found that periostin was upregulated by 3 days after bleomycin challenge and remained elevated, although not significantly, for up to 21 days posttreatment (Fig. 4A) . To determine if increased transcription of periostin after bleomycin administration was accompanied by increased protein, we performed immunofluorescence on lung sections from PBS-or bleomycin-treated mice. At day 14, we found significant increases in periostin deposition in the extracellular matrix of bleomycin-treated mice, along with the expected increase in ␣-SMA (a myofibroblast marker; Fig. 4C ), compared with saline-treated mice (Fig. 4B) .
Periostin promotes bleomycin-induced fibrosis. To determine whether periostin was critical for development of bleomycin-induced fibrosis in this strain, we administered bleomycin or saline intratracheally to periostin Ϫ/Ϫ mice and litter- Hazard ratio (HR) can be interpreted as risk of progression increasing 1.4-fold for an increase of 1 SD in baseline periostin levels. CI, confidence interval; AIC, Akaike information criterion. n ϭ 54, 21 events. mates on the C57Bl/6 background. To assess collagen content, we harvested lungs at 14 days posttreatment for histology and hydroxyproline concentration. We found that periostin Ϫ/Ϫ mice treated with bleomycin intratracheally had decreased collagen content compared with wild-type littermates (Fig. 5A ) and improved lung architecture (Fig. 5B) . To determine the contribution of structural cell-vs. hematopoietic cell-derived periostin to fibrogenesis, chimeric mice were created by bone Fig. 3 . Fibrocytes and monocytes are sources of periostin in circulation. Peripheral blood samples from IPF patients and normal controls were obtained, leukocytes were isolated on Ficoll-Hypaque, and cells were stained for flow cytometry analysis. A: monocytes were identified by CD45 expression and forward-scatter profiles. Percentage of periostin-expressing monocytes was significantly larger in IPF patients (n ϭ 22) than in normal controls (n ϭ 3). B: fibrocytes were cultured from peripheral blood of IPF patients and normal controls. Total RNA was collected and converted to cDNA. Real-time PCR was performed using periostin and GAPDH primers. While periostin was essentially undetectable in normal fibrocytes from normal controls (n ϭ 5), periostin expression was significant in fibrocytes from 7 of 8 IPF patients. Fig. 4 . Bleomycin-treated mice have increased periostin expression and protein production in vivo. Mice were injected intratracheally with 0.025 U of bleomycin or 50 l of saline (controls). Lungs were harvested 3, 7, 14, and 21 days after bleomycin or saline treatment. RNA was isolated from lungs and converted to cDNA, and real-time PCR was performed using periostin and GAPDH primers. A: periostin expression in lungs increased dramatically by 3 days after bleomycin treatment but remained elevated up to 21 days later (n ϭ 4 per group). *P Ͻ 0.05. B and C: lungs were also harvested for fluorescence microscopy at 14 days after bleomycin treatment. Images are representative of 3 sections examined per group. B: normal saline control lung with minimal periostin staining (green) and ␣-smooth muscle actin [␣-SMA (red)] localized to myocytes around vessels only. Nuclei stained blue with 4=,6-diaminido-2-phenylindole. C: bleomycin-treated lung with increased periostin staining and increased ␣-SMA staining in interstitium. marrow transplantation in all combinations between wild-type and periostin Ϫ/Ϫ mice. Figure 6 demonstrates that chimeric mice without the ability to generate periostin from structural cells (B6¡KO) or hematopoietic cells (KO¡B6) were protected compared with the wild-type controls (B6¡B6) and not significantly different from the KO¡KO mice.
Periostin blockade after day 10 improves survival and fibrosis. After bleomycin injury, development of fibrosis can be described in three phases: acute lung injury (days 1-5), inflammation (days 7-10), and fibroproliferation and extracellular matrix deposition (days 10 -28) (23). Uchida et al. (35) suggested that periostin promotes fibrosis via regulation of chemokine production and recruitment of inflammatory cells by 7 days after bleomycin treatment. To determine the effects of periostin blockade during the fibroproliferative phase on survival, we injected mice with a higher dose of bleomycin (0.05 U) on day 0. On days 10 and 15, mice were injected intraperitoneally with a control Ab or OC-20, a MAb that blocks periostin's interaction with cellular integrins (27) . Periostin blockade during the fibroproliferative phase of fibrosis improved survival through day 19 (Fig. 7A) . Hematoxylin-eosin staining demonstrated preservation of lung architecture at day 17 in the OC-20-treated mice compared with control Abtreated animals following high-dose bleomycin (Fig. 7B) . To determine whether OC-20 treatment could limit collagen deposition, we chose to use the 0.025-U dose of bleomycin, which permits long-term survival of the mice, and determined whether OC-20 given in a therapeutic regimen at 10 and 15 days after 0.025 U of bleomycin would protect from fibrosis at day 21. Figure 7C demonstrates that therapeutic dosing with OC-20 protects from lung fibrosis.
Periostin promotes secretion of extracellular matrix from mesenchymal cells. To further define periostin's role in fibrosis, we investigated its effect on lung mesenchymal cells. Mesenchymal cells were isolated from lungs of C57Bl/6 mice and treated with escalating concentrations of periostin for 24 h in serum-free medium. RNA was isolated, and qRT-PCR was performed. Fibroblasts treated with periostin upregulated collagen I expression in a dose-dependent manner (Fig. 8A) .
TGF-␤ induces periostin secretion from mesenchymal cells. TGF-␤ is overexpressed in IPF patients and plays a critical role in development of pulmonary fibrosis by upregulating collagen (5, 32, 39) . To determine whether TGF-␤ upregulates periostin expression, we treated murine lung mesenchymal cells from wild-type mice with 2 ng/ml TGF-␤ for 24 h and used ELISA to compare periostin production with that in untreated cells. Treatment of wild-type mesenchymal cells with TGF-␤ nearly tripled periostin production (Fig. 8B) .
Periostin affects PAI-1. TGF-␤ promotes production of PAI-1, a protease inhibitor consistently found in IPF patients that also increases the severity of fibrosis in several different animal models (3, 11, 28, 36) . The ability of PAI-1 to inhibit extracellular matrix degradation, inhibit PGE 2 synthesis, and bind vitronectin has been suggested as a plausible mechanism for the effects of PAI-1 to worsen fibrosis (2, 4, 8) . To investigate the effect of periostin on PAI-1 production by mesenchymal cells, we treated mesenchymal cells isolated from wild-type mice with 0 or 100 ng/ml periostin for 24 h and found an increase in total and active PAI-1 in periostin-treated mesenchymal cells (Fig. 9A) .
We also investigated periostin's effect on PAI-1 transcription in epithelial cells. PAIL cells are mink lung epithelial cells stably transfected with a PAI-1 promoter driving luciferase. PAIL cells were treated with 100 ng/ml or 1 g/ml periostin or 2 ng/ml TGF-␤ (positive control) or left untreated. After 24 h, PAI-1 transcriptional activity was assessed by luciferase assay. Addition of periostin to PAIL cells increased PAI-1 transcription as measured by luminescence in a dose-dependent manner (Fig. 9B) . To test if periostin's induction of PAI-1 was TGF-␤-dependent, we repeated this assay using 500 ng/ml periostin in the presence or absence of 20 M A83-01, an ALK5 inhibitor that blocks TGF-␤ signaling, or DMSO control. Periostin ϩ vehicle gave 103 Ϯ 5 units of luminescence, whereas periostin in the presence of A83-01 produced 0.5 Ϯ 0.01 unit (n ϭ 3, P ϭ 0.002).
Periostin promotes mesenchymal cell proliferation and wound closure. Given the ability of periostin to promote cell proliferation and migration in tumorigenesis (33), we investigated its effect on lung mesenchymal cell proliferation. We cultured mesenchymal cells from wild-type mice in serum-free medium containing varying doses of periostin for 48 h. Proliferation was assessed by [ 3 H]thymidine incorporation during the final 16 h. Periostin stimulated a dose-dependent increase in lung mesenchymal cell proliferation (Fig. 10A) .
We used a kinetic imaging program to analyze the rate of closure of a scratch wound in confluent monolayers of wildtype murine mesenchymal cells cultured with periostin in serum-free medium. Periostin stimulated closure and increased wound density in a dose-dependent manner (Fig. 10B) . Figure  10C shows wound density for untreated cells and cells treated with 200 ng/ml periostin. Periostin significantly increased wound density over the 96-h period.
The effects of periostin on wound closure were verified in normal and IPF human mesenchymal cells as well. Figure 11 provides a representative example for each cell type. Periostin increased the closure rate for IPF and control lines, and OC-20 Ab was able to block a portion of that increase in both cell types.
DISCUSSION
IPF likely results from dysregulated repair of unknown alveolar injury, leading to fibrocyte recruitment, fibroblast accumulation, myofibroblast differentiation, overproduction of extracellular matrix proteins, and, ultimately, destruction of lung architecture. Our results demonstrate that periostin is highly upregulated in fibroblasts from IPF patients, and immu- . Chimeric mouse studies demonstrate that hematopoietic and structural sources of periostin promote fibrosis. Chimeric mice were created by transplantation of C57Bl/6 marrow into C57Bl/6 recipients (B6¡B6) or periostin Ϫ/Ϫ recipients (B6¡KO). Complementary chimeras were created by transplantation of KO¡B6 or KO¡KO. Chimeric mice were then treated with saline (n ϭ 3/group) or bleomycin (BLM; n ϭ 5/group), and hydroxyproline analyses were done at day 21. There was no statistically significant difference between any of the groups of saline-treated mice. Sal, data for all groups treated with saline. As expected, B6¡B6 chimeras developed a significant increase in lung collagen content over saline-treated mice. Collagen contents in B6¡KO and KO¡B6 chimeras were similar to those in protected KO¡KO mice. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001. nohistochemistry shows increased localization to areas of active fibrosis in IPF lungs. These findings are consistent with the work of Okamoto and colleagues (26) , who also showed elevated periostin in the serum of IPF patients and suggested its value as a potential biomarker. Our results agree with these observations, as we demonstrate the utility of periostin measurements at baseline in predicting IPF disease progression within 48 wk, when adjusted for age, sex, smoking history, FVC %predicted, and DL CO %predicted. These results suggest that measurement of baseline periostin may prognosticate disease course and allow stratification of patients for future clinical trials. Furthermore, we provide insight into potential cellular sources of periostin, and murine modeling confirms the pathogenic potential of periostin during the fibroproliferative phase of the disease.
IPF disease course is heterogeneous, with some patients experiencing slowly progressive disease over years and others experiencing rapid progression within months or an acute exacerbation with a fall in lung function (21) . There is no accepted way to predict IPF disease course. We and others have demonstrated the value of longitudinal change in pulmonary physiology in predicting IPF mortality (6, 9, 13, 14, 18) . We have also demonstrated that some IPF patients experience acute deteriorations and mortality that are independent of change in pulmonary physiology (7, 22) . In COMET, a progressor was defined as experiencing a combined end point of death, transplant, acute exacerbation, or a 10% change in FVC or a 15% change in DL CO 48 wk later. The time frame was chosen to facilitate clinical decision making and for efficiency in designing future clinical trials.
The source of plasma periostin was not obvious, since periostin has previously been shown to be produced by resident lung cells (31, 34) . Monocytes and fibrocytes isolated from 5 cells/well. One set of wells was left untreated as a control group in serum-free medium, and the other set was treated with 100 ng/ml recombinant mouse periostin. After 24 h, supernatant was collected from the wells, and total PAI-1 and active PAI-1 ELISAs were run (n ϭ 5/group). B: PAIL cells (mink lung epithelial cells with a PAI-1 promoter driving luciferase) were plated at 4 ϫ 10 5 cells/well. One set of wells remained untreated in serum-free medium as a negative control, and another set of wells was treated with 2 ng/ml TGF-␤ as a positive control. The remaining sets of wells were treated with 100 ng/ml recombinant mouse periostin or 1 g/ml periostin. After 24 h, cells were harvested, and luminescence was measured using the luciferase reporter assay as a measure of PAI-1 transcription (n ϭ 3 wells/group representative of 2 experiments). **P Ͻ 0.01, ***P Ͻ 0.001. 5 cells/well in 6-well plates. Each well was then treated with recombinant mouse periostin at 0, 100, 250, or 500 ng/ml in serum-free medium. After 24 h, RNA was isolated and converted to cDNA. Real-time RT-PCR was performed with collagen and ␤-actin primers (n ϭ 3/group, representative of 2 experiments). B: lung mesenchymal cells from wild-type mice were isolated and plated at 4 ϫ 10 5 cells/well. One set of wells was left untreated as a control group in serum-free medium, and the other set was treated with 2 ng/ml TGF-␤. After 24 h, supernatant was collected from the wells, and periostin ELISA was performed (n ϭ 4/group representative of 2 experiments). *P Ͻ 0.05, **P Ͻ 0.01.
peripheral blood of IPF patients express this matricellular protein and likely contribute to the pool of circulating periostin in IPF patients. Our chimeric mouse studies suggest that hematopoietic-derived periostin, as well as periostin derived from structural cells, contributes similarly to fibrogenesis. However, the fact that there was no difference in the percentage of monocytes and fibrocytes expressing periostin from rapid progressors vs. nonprogressors may indicate that lungspecific production (most likely from fibroblasts or epithelial or endothelial cells) may be the trigger for rapid progression and that periostin may be leaking from the lungs in the setting of increased injury in these patients. Another possibility is that the total amount of periostin produced by the monocytes and fibrocytes in rapid progressors is increased compared with nonprogressors, something that we did not formally test.
To further study the role of periostin in lung fibrosis, we examined effects of bleomycin in periostin Ϫ/Ϫ mice. Periostin Ϫ/Ϫ mice on a C57Bl/6 background were protected from bleomycin-induced fibrosis compared with littermate controls, corroborating the earlier studies of Uchida et al. (35) with mice on a Balb/c background. In wild-type mice, periostin mRNA increased dramatically during the inflammatory phase of fibrosis (up to day 7) but remained elevated even until day 21. Furthermore, periostin protein was clearly evident in the lungs at day 14 (Fig. 3C ). This time course is consistent with a role for periostin in the postinflammatory fibroproliferative phase of bleomycin-induced fibrosis. To test this, we administered OC-20 to mice after bleomycin injury, during the fibroproliferative phase of the disease. This Ab neutralizes periostin interactions with cellular integrins (27) . OC-20 given 10 days after injury decreased bleomycin-associated mortality and fibrosis, suggesting that periostin plays important roles early and late in fibrosis. Because IPF patients are typically identified after they have established scarring of the lung, the possibility Fig. 11 . Periostin promotes wound closure in human fibroblasts that is mitigated by treatment with OC-20. Fibroblasts were obtained from normal and IPF patients and tested as described in Fig. 10 legend for ability to close a scratch wound in the presence of serum-free medium, 400 ng/ml recombinant human periostin ϩ 2 g/ml control Ab, or 400 ng/ml periostin ϩ 2 g/ml OC-20. A: normal fibroblasts representative of 2 tested. B: IPF fibroblasts representative of 3 tested. IPF fibroblasts closed the wound at baseline much faster than did control cells, but this was only true for 2 of 3 IPF lines tested. Periostin stimulated wound closure of all lines, and this was partially blocked by OC-20 in all lines. Fig. 10 . Periostin promotes mesenchymal cell proliferation and wound closure in murine cells. A: mesenchymal cells from wild-type mice were isolated and plated at 5 ϫ 10 3 cells/well in 96-well plates in serum-free medium (SFM) in the presence of a dose response of recombinant periostin (0, 50, 100, 500, and 1,000 ng/ml). Cells were allowed to grow for 48 h, and [ 3 H]thymidine was added during the final 16 h (n ϭ 12 wells/group representative of 3 experiments). Similar results were seen in mesenchymal cells from Balb/c mice (not shown). ***P Ͻ 0.001. B: mesenchymal cells were plated on 96-well plates at 1 ϫ 10 5 cells/well and allowed to adhere overnight in complete medium. On the following day, a scratch was introduced on the bottom of each well with the Essen BioScience WoundMaker, and wells were washed to remove nonadhered cells and changed to serum-free medium with a dose response containing 0, 25, 50, 100, and 200 ng/ml recombinant periostin (n ϭ 12 wells/condition). Plates were loaded into the IncuCyte incubator. Wells were photographed every 3 h for a total of 96 h, and relative wound density was calculated at each time point. C: for ease of visualization, only 0 and 200 ng/ml doses of periostin (POSTN) are graphed as means Ϯ SE at each time point. Data are representative of 3 experiments. that periostin regulates the fibroproliferative phase implies that this matricellular protein could represent a viable therapeutic target for late-stage fibrosis, as well as a biomarker for progressive disease.
The mechanism(s) by which periostin promotes fibrosis 10 days after bleomycin treatment is likely via mesenchymal cell effects. Our data show that recombinant periostin increases collagen I expression in lung mesenchymal cells in a dosedependent manner. Periostin may cross-link collagen and stiffen the matrix created by fibroblasts, thereby activating the cells for further extracellular matrix production (10) . Periostin may also directly activate mesenchymal cells or induce TGF-␤ expression from these cells. Our results in the epithelial PAIL cells suggest that periostin effects are mediated via TGF-␤ in this cell type.
We have shown that TGF-␤ promotes periostin production and that many effects of periostin appear to be similar to effects of TGF-␤. Periostin treatment increases PAI-1 expression, an activity known to be TGF-␤-dependent. Additionally, previous work by Sidhu et al. (31) in human bronchial epithelial cells showed that periostin promotes TGF-␤1, TGF-␤2, and TGF-␤3 production and that periostin-induced collagen expression and epithelial-mesenchymal transition are TGF-␤-dependent. Therefore, it appears that the effects of TGF-␤ and periostin are interdependent. On the other hand, results of genetic knockout studies show that deletion of these two genes has very different outcomes. TGF-␤-deficient mice die shortly after birth due to overwhelming autoimmune inflammation (20, 30) , whereas periostin Ϫ/Ϫ mice show only modest periodontal bone and ligament defects (29) . Thus these results suggest that periostin may be a much safer therapeutic target than TGF-␤.
Another difference between periostin and TGF-␤ appears to be their effects on mesenchymal cell proliferation. Mesenchymal cells from our wild-type mice proliferate in response to periostin, and the addition of periostin increases the rate of wound closure, which is dependent on cell proliferation and/or migration in murine and human fibroblasts. Typically, TGF-␤ is not proliferative for fibroblasts (12) . Chemotaxis assays are needed to fully test periostin effects on migration in the absence of proliferation. However, taken together, these results suggest that heterogeneously expressed periostin production in patients may contribute to proliferation, activation, and/or migration of fibroblasts to fibroblastic foci. This is consistent with the observation of profound periostin staining within fibrotic foci of IPF lungs (Fig. 1A) .
In summary, we have shown that periostin is produced by structural and inflammatory cells and is upregulated during fibrotic responses in mice and humans. In addition, plasma periostin may be a useful biomarker to predict early progression of disease. Blockade of periostin function during the fibroproliferative phase of bleomycin-induced lung fibrosis improves mortality, and periostin Ϫ/Ϫ mice are protected from experimental fibrosis. Our results demonstrate direct effects of periostin, including upregulation of extracellular matrix, increased proliferation, and stimulation of wound closure, on lung mesenchymal cells. Periostin and TGF-␤ appear to function as a positive-feedback loop, with both factors inducing the other, but periostin may be a more amenable target for therapeutic intervention in IPF patients. Future studies will be aimed at determining the efficacy of targeting this molecule as therapy or as a biomarker in humans. In addition, a better understanding is needed to determine how TGF-␤ and periostin signaling pathways may diverge.
